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- Future Prospects in Neutrino Oscillation Physics -
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Recent Discoveries in Neutrino Oscillation Physics

- SNO pure D,O day & night spectra

( \ I'l{_,v T + SNC sall. CC & NC & ES fluxes
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WVAC
* Neutrinos are not massless
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10 10~ 102 T 52 Evidence for neutrino flavor conversion v,<>v, <>v,

tanZ0 « Experimental results show that neutrinos oscillate
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Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies

Inner detector
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KEK to Kamioka (K2K) Experiment

Accelerator-based long baseline neutrino oscillatiol

experiment to test atmospheric oscillations

atm K2K
L 10-104 km 250 km
E, 0.1~100 GeV ~1.3 GeV
Am? 10-1~10% eV? > 2x1038 eV?
VelVy, 50% ~1%

Karsten Heeger, LE
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Super-Kamiokande L/E Analysis

Searching for Direct Evidence of Oscillations

Inner detector
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Atmospheric Neutrino Oscillations
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Sudbury Neutrino Observatory

2092 m to Surface (6010 mw.e.) T ‘

PMT Support Structure, 17.8 m
9456 20 cm PMTs
~55% coverage within 7 m

Acrylic Vessel, 12 m diameter

1000 Tonnes D,O

Need solar model-independent
measurement.

Need experiment that measures
veandv,  separately.

Karsten Heeger, LBNL CENPA - May 18, 2004



Flavor Content of 8B Solar Neutrino Flux

8B Standard Solar Model (SSM01) 5.05 x 106 cm=2 st
NC Salt Constrained 490 + 0.38 x 106 cm=2 s
NC Salt Unconstrained 5.21 £+ 0.47 x 106 cm=2 s

CC/NC Ratio

0., (10" cm2s7)

0.306 + 0.026 (stat) + 0.024 (sys)

Karsten Heeger, LBNL CENPA - May 18, 2004



Neutrino Flux

Oscillation Interpretation of Solar Neutrino Data

, SuperK, SNO
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Solar Neutrino Oscillations
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Neutrino Oscillation Experiments

Reactor and Beamstop Neutrinos

V, = Vg =V,

Atmospheric and Reactor Neutrinos

v, =V,

Solar and Reactor Neutrinos

Ve = Vo

Large mixing favored

LMA solution can be tested
with reactor neutrinos

Status: Summer 2002

Karsten Heeger, LBNL CENPA - May 18, 2004
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Search for Neutrino Oscillations with Reactor Neutrinos

1L4F

1.2 %

5
!
o]
&
—e—-
i
]
1;%
|
k|

50 Years of Reactor Neutrino Physics
1953 First reactor neutrino experiment

1956 “Detection of Free Antineutrino”,
Reines and Cowan

— Nobel Prize in 1995

No signature of neutrino
oscillations until 2002!
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study of reactor neutrinos with a

baseline of ~ 70 km
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Spectrum from Principal Reactor Isotopes

neutnnos/MeVvifission

Reactor Antineutrinos
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5 10 + 138-214 km.
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KamLAND - Kamioka Liquid Scintillator Antineutrino Detector

Uses reactor neutrinos to study v oscillation

with a baseline of L ~ 140-210 km

Coincidence Signal: v+ p —e*+n

&

{see annotations)

Prompt et annihilation

Delayed  n capture, ~ 190 us capture time

(a) Flux at detector

(b) v cross-section

(c) Interactions in detector

> 3 4 5 6 7 8 9 10
Energy (MeV)

KamLAND studies the disappearance of v, and
measures * interaction rate
* energy spectrum



Event Selection

Delayed Energy Window
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First Direct Evidence for Reactor v, Disappearance

1.4F i . .
Reactor Neutrino Physics 1956-2003 20F o i
[ background

1.2

1.0 et

.

5
=
_e__

0.8 i i
250 2.6 Mev ® KamLAND data

Events/0.425 MeV

o
]
o A ILL : analysis threshold — _ 1 qcillation
‘% 0.6+ i %ﬁ;;nah River 2(]:_ j E bCE‘:[:f-lIIg]ST;Ti]I&IiOR
z ® Rovno ;.m;i”(:tjl-”](r-‘ '
04} ¢ Goesgen 15:_ e
A Krasnoyarsk ;
OO0 Palo Verde 10:—
0.2 ®m Chooz st
® KamLAND b
0.0+ I l I I l 1 S A N
1 N 3 4 5 0 2 4 6 8
- M T o M PromptEnergy MeV)  PRL 90:021802, 2003
Distance to Reactor (m) ’
Observed 54 events syst err. 6.4%
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LifiHe 0.94 £0.85 for neutrino oscillations together
fast neutron <05 ; )
with solar experiments.
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KamLAND - Systematic Uncertainties

E> 2.6 MeV

Total liquid scintillator mass
Fiducial mass ratio

Energy threshold

Tagging efficiency
Live time

Reactor power
Fuel composition

V. Spectra
Cross section

%
2.1 v volume calibration
4.1

* energy calibration or
2.1 analysis w/out threshold
2.1 » detection efficiency
0.07

2.0 given by reactor company,
1.0 difficult to improve on

2.5  theoretical, model-dependent
0.2

Total uncertainty

6.4 %

Karsten Heeger, LBNL

CENPA - May 18, 2004



Oscillation Parameters Before and After KamLAND

Before KamLAND

Region favor by

solar v experiments
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Evidence for Mixing of Massive Neutrinos
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Unses 013, and 2P

Uunsp Neutrino Mixing Matrix

Uel Ue2 Ue3
U=|Un U Uy Dirac phase Majorana phases
U‘rl Ur2 U‘r3 — - A ~
1 0 0 cosf, smf, 0} (1 O 0
=[0 cosO,, sinf,, |x x|-sinf, cosf, 0|x|0 e“" 0
0 -sinf,, cos6,, 0 0 1/ {0 0 7"
- \ — N ~ - ~

atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp

O3 =~ 45° tan?0,3<0.03at90% CL ., ~32°

lo -
2-

|
I I Il-3 I | I I I

0 0.2 0.4 0.6 0.8
|sin O

Ref: Smirnov



Usps 013, and 2P

Uunsp Neutrino Mixing Matrix

Uel Ue2 Ue3
U=V VU Vs Dirac phase Majorana phases
U‘rl U172 U‘r3 e - ™
1 0 0 cosf, smf, 0} (1 O 0
=[0 cosO,, sinf,, |x x|-sinf, cosB, O0|x|0 e“" 0
0 -sinf,, cos6,, 0 0 1) {0 0 7"
atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp
0,5 = ~ 45° tan26,5 < 0.03 at 90% CL 0,, ~ 32°
maximal small ... at best

large

No good ‘ad hoc’ model to predict 0,5.

0,53 yet to be measured
If 6,5 <103 0,,, perhaps a symmetry?

determines accessibility to CP phase

Karsten Heeger, LBNL CENPA - May 18, 2004



Mass Spectrum and Mixing

IU,/?
V; EETTTT > T
3 I v, p—— 4 A
9p]
Z
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g M5 atm
v IU,/?
> I , 5
v, e A v, I
Normal mass hierarchy Inverted mass hierarchy
(ordering) (ordering)
Type of mass spectrum:  Normal, Inverted, Degenerate
Absolute mass scale _
Ug=?
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Unknown Oscillation Parameters

sin?(20,,)

sign of Am, ;2

Ocp

Karsten Heeger, LBNL CENPA - May 18, 2004



Three Questions |
i 1
' I |
) Size of sin%(26,;)? < wof q_
Am,,
) from SK
” - hep-ph/0309130 w
Il) Mass hierarchy? 10’ " o i
Sign of Am, ;2 2 oo

atmospheric
~3x10%eV?2

atmospheric

~3x10-3eV2 Am 2

n 2 2._‘_

2
m e

1) Is there CP violation?
Measure 9.
Amount of CP violation is given by J

lepton / g

~ €082(0,5)SiN(20,,)SiN(20.,5)siN(26,5)SiN(dp)
— — \ \ ~

v
~1 ~0.9 ~1
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Oscillation Measurements Probe Fundamental Physics

Physics at high mass scales, physics of flavor, and unification:

* Why are the mixing angles large, maximal, and small?

- Is there CP violation, T violation, or CPT violation in the lepton sector?

- Is there a connection between the lepton and the baryon sector?

U, s Vekm

big big small? big  small tiny

big big  big small  big tiny

big big  big tiny  tiny  big

- Leptogenesis and the role of neutrinos in the early Universe

- 2 i -~

o - Then g : . R
- = r - - - -
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= s . " - :
R e T o~ Wy
.Ihe Migt'bry of the Matter AqtimatZ@:Asymmetry_ i

i e S isuie
- - . - . 4
L : o G

Karsten Heeger, LBNL CENPA - May 18, 2004



Matter-Antimatter Asymmetry (AB = 0)
from Leptogenesis

Cannot generate observed baryon asymmetry (AB = 0) using quark
matrix CP violation

Generate AL = 0 in the early universe from CP (or CPT) violation in heavy
neutrino N, vs. N, decays (only needs to be at the 10 level)

H # H
N3 v Mixin

V3 V3

B-L processes then convert neutrino excess to baryon excess.

Sign and magnitude ~correct to generate baryon asymmetry
in the Universe with my>10° GeV and m,< 0.2 eV

N 3 Vv Mixin

Amount of CP violation is given by J.,, ~ €0s2(6,5)SiN(20,,)siN(2605)siN(20,5)SiN(dcp)
—, — U\ N J \ J

~

~1 ~0.9 ~1

Karsten Heeger, LBNL CENPA - May 18, 2004
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Desired Experimental o inf if §in226, 5 < 0.01
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SO0 + Raver symnedry
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understand. Kitano, Mimura [44] 0.22 —rte—
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Raby [49] 0.1 — i
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— Can bound model parameters if Buchmiiller, Wyler [50] 0.1 —rr—
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Flaver sipnmietvics
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SIn 2613 <0.01. Grimuz, Lavours [52, 53] [ i
Crimus, Lavours [52] 0.3 —
. . s Babu, Ma, Valle [54] 014 B T T
PreC|§|on of the or.der of quantum Kuchimanchi, Mohapatra [55] 008.. 04 T —r—
corrections to neutrino masses and Ohlszon. Seidl [56] 007 . 014  re—aE—
mixings interesting. —I}l:'."."" Ross [57] 0.2 —
LIS
Honda, Kancko, Tanimoto [58] 0.08 .. 0. -BB8—6iF
- Small 6,5: numerical coincidence or Lebed, Martin [50] I 0.1 —oor
. Bando, Kaneko, Obara, Tanimoto [60] 001 . 005 4-107% ., 0.0
underlying symmetry? Iharra, Roes [61] 0.2 ——
3= 2 gee-saw )
Appelquist, Piai, Shrock [62, 63] 0,05 0,01
Frampton, Glashow, Yanagida [64] 0.1 —ttr—
s 0 . . . Mei, Xing [65] (normal hierarchy) 0.07 —t- 82—
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FRenormalizaiian [T erhancement
Karsten Heeger, LBNL CENPA - M Mohapatra, Parida, Rajesekaran [67] 008 .. 0] 5 0



Global Constraints on 0,

Chooz

ST

ST

With added SNO CC/NC
+ KamLAND Constraint

?‘G n 1 1 1 | I | I T .
: ' 1 Maltoni et al., hep-ph/0309130
i i
i k
f
< 528 -
&FG_:_______ ________:
- ;
' I 2
_Am23 .
from SK |
- i
_'E T T T T T T T T T TN Solar ¢ ita provide
T 90, 9 ints at low Am,, 2
107 1672 107" 10"
sin%, ,
paramster best fit D & b
Amd, [10-%V?] | 69 6.0-8.4 5405 3.1-28
Amd, [10-%V7] | 28 1.8-2.3 1437 0.77-4.8
sin #1a .30 0205036 | 0.23-030 0.17-0.48
0.31-0.72 | 0.22-0.81




Current Knowledge of 0, from Reactors

Reactor anti-neutrino measurement at 1 km at Chooz + Palo Verde: e = Vy

Chowse H
Muclear Power Station
2 x 4200 MWih

distance =

' FEIEEINEEEER

rrTr Y rY YT FCEY

Chonz Undersround Mewinino Laboratory
Ardennes. France

@ 1 N
} =
- C
<
-1
10
2
10
-3 ; =
10 —= anmalysisA 0| /#T"T—0 @ T TT =
L —' analysis B
i — —* analysis C
! 90% CL Kamiokande (multi-GeV)
P E 90% CL Kamiokande (sub+multi-GeV)
w b bvev i Lo b bov s b Lo b a Lo Lo
a 01 > 02 0.3 0.4 0.3 0.se o7 0.8 0.8 _ 1

sin (28)

M. Appollonio, hep-ex/0301017
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Events

Daily v Candidates
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Reactoron: 2991
Reactor off: 287

Muclear Pewer Station

Chooz B

2 x 4200 MWith

distanee = 1.0 lan

ﬂ::ﬂ

I * " candidate v, events.
I ﬁ} + + (9.5% backgrounds!) b Sy
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|T V'{/ T sk R=101 28% (star)
| /| B 5
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Table 10. Contributions to the overall systematic uncertainty

Chooz

on the absolute normalization factor. _
Systematics
parameter relative error (%)
reaction cross section 1.9% theor.
number of protons 0.8% kinetic energy spectrum 2.1%
' iency 5%
detection efliciency 1.);'{ > detector response 1.7%
reactor power 0.7%
energy released per fission 0.6%
combined 2.7% ) total 2.7%

Ref: Apollonio et al., hep-ex/0301017

neutron capture:

lowest efficiency, largest relative error

Table 6. Summary of the neutrino detection efficiencies.

| selection | (%) || rel. error (%) ||
positron energy” 97.8 0.8
positron-geode distance 99.9 0.1
neutron capture 84.6 1.0 >
capture energy containment 94.6 0.4
neutron-geode distance 99.5 0.1
neutron delay 93.7 0.4
positron-neutron distance 98.4 0.3
neutron multiplicity” 07.4 0.5

|| combined” || 69.8 || 1.5 ||

Absolute measurements are difficult! “average values

Karsten Heeger, LBNL

CENPA - May 18, 2004



Measuring 0,

p target horn decay pipe absorber detector

Method 1: Accelerator Experiments

2 —_— e | e ——]
2 Amy "L -l ST —
+ ... M

) ) .
P, =sin”26,;sin"26,; sin

v

* appearance experiment v, —V,
* measurement of v, — v, and v, — v, yields 8,5,0cp

* baseline O(100 -1000 km), matter effects present

Method 2: Reactor Neutrino Oscillation Experiment v,
2 2 ——
P, ~1-|sin’26,,sin’ Amy L, AZ% L\ cos* 0,,sin’ 2913)

* disappearance experimenty —y
- look for rate deviations from 1/r?> and spectral distortions
- observation of oscillation signature with 2 or multiple detectors

* baseline O(1 km), no matter effects

Karsten Heeger, LBNL CENPA - May 18, 2004



v, Appearance Experiments

For example, T2K- From Tokai To Kamioka

) mass hierarchy

CP violation

i B B uB matter

9 ; - i :
+ 8(313.5133331333.5 12C12 8111 ﬂ.‘g S111 &335 B1T11 ﬂ.gl

Karsten Heeger, LBNL CENPA - May 18, 2004



Tokai to Kamioka (T2K)




A Reactor Neutrino Oscillation Experiment with Multiple Detectors

Future 2-Detector Reactor Experiment

detector |

detector Il

/.
N { S

LA4F |
i Reactor Flux Measurements 1956-2003
10k ._% ....... .gl*,,m

£
v 0.8F

Z A ILL

& * Savannah River

ZO 0.6 O Bugey

> Rovno
04 ¢ Goesgen
/v Krasnoyarsk
O Palo Verde
0.2+ ®m Chooz
® KamLAND
0.0 | | | | |
10" 10° 10° 10* 10°
Distance (m)
Measu re Frobability

) rate suppression *

Karsten Heeger, LBNL

Il) spectral distortions
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Measuring 0,, with Reactor Neutrinos

Novel Oscillation Experiment with Multiple Detectors

Q.% :""'H| L P = A LI R R | LN S R
' . ., Am. L Am.’L .
& P, ~1-|sin’26,;sin° —1— +| —3L— |cos* O, sin’ 20,
: , 4E,
° 1 Distance (km)
relative v flux measurement between ‘;.. : __‘\
2 v detectors
_ : nucle
Vo+Pp= e+ n s R

- eliminates most systematic errors

- projected sensitivity:
sin22613 ~0.01-0.02  2-3 underground scintillator v detectors, 50-100 t
* study relative rate difference and spectral distortions

—

Ref: hep-ex/0402041




Experimental Challenges of a 6,; Measurement at Reactors

|. Choice of Baseline and suitable underground site

Il. Detector size (fiducial volume)
signal statistics and muon deadtime

lll. Relative Detector Acceptance
detection efficiency
energy scale and linearity

V. Backgrounds

Uncorrelated Backgrounds
- ambient radioactivity
- accidentals

Correlated Backgrounds
- cosmic rays induce neutrons in the surrounding rock and
buffer region of the detector
- radioactive nuclei that emit delayed neutrons in the detector
eg. 8He (T,,,=119ms)
9Li (T,,,=178ms)

Karsten Heeger, LBNL CENPA - May 18, 2004



Detector Baseline and sin?26., Sensitivity

2 2
P, ~1-|sin’26,,sin’ A, L+ Amy, L cos” 6, sin22012)
v 4EV
1 s ]
. |« Ratio0130E3 1
80% of expected oscillation effect
x | + Ratio(0.01,1.08-3)] |
.
o
2
Z ;
i)
:
;¢i3|||
0 1000 2000 3000 4000 5000
Ideal baseline ~1.5-2 km Distance (m)

Would like to choose and optimize baseline as Am2,, becomes better known

Karsten Heeger, LBNL CENPA - May 18, 2004



Event Statistics

1\ Detector Event Rate/Year o Atyr
I . . L 10 t-yr
103 —— 100 t-yr
i ~250,000
0=
[% =
= :
QL
D1 10° 3
e
10° =

500 1000 . 1500 2000 2500 3000
Distance (m)

Chooz-like detector
P = 6.5 GW,,

reactor

227 signal events per yr-ton-GW @ 1km (no osc)

Karsten Heeger, LBNL CENPA - May 18, 2004



Event Detection

Coincidence Signal: v,+p —e* +n
Prompt et annihilation
Delayed  n capture

(Nb events)
1000 i capture on Gd |
muon veto
EEEE—T
800 |- i

[ capture on H

Gd- Ioadpd scmtlllator |
S ey

—ca’eche
buff i

] 10

b
Neiutrnn signal

Energy selection of delayed neutron
(precision of thresholds ~ 100keV)

Karsten Heeger, LBNL CENPA - May 18, 2004



Muon-Induced Production of Radioactive Isotopes in LS

Isotope T, E .. Type
(MeV)
B 12B 0.02 s 13.4 Uncorrelated
11Be 13.80 s 11.5 Uncorrelated
L 0.09 s 20.8 Correlated
9| | 0.18 s 13.6 correlated:

f-n cascade, t~few 100ms.
8L 0.84 s 16.0 Only 8He, °Li, "'Li (instable
isotopes).

8He 0.12s 10.6
5He 0.81s 3.5 Uncorrelated
B*, EC 10 20.38 m 0.96 uncorrelated:
single rate dominated by ''C

10C 19.30 s 1.9

°«C 0.13 s 16.0 Uncorrelated
8B 0.77 s 13.7 Uncorrelated
Be 53.3d 0.48 Uncorrelated

rejection through muon tracking and depth I
Karsten Heeger, LBNL CENPA - May 18, 200



8He/°Li Background

B'HE 119 m=

n+8” < 8.6 MaV
12 % T %
B =74 MaV
7 %
0.478 MaV
= .rj.:a: B < 0.6 MaV
7Li+n 74 %

B = 5.2 MaW 05,
\\ 4,
'.:‘_

1

5.4 MaV

3.21 MaV

0.88 MaV

ELi 838 ma

=18 MaV
100 %

18Be

2 idHe

- 0.08 MeW

n+i-<11.9 MeV
49.5 %

ﬁﬁ?+n

2 4He
o009 MeW

B” = 10.8 MeV
9%

B-=11.1 MeV
17 %

= 13.6 MeV
26%

A" =23 MeV

T 113Mev

" 2.8 MeV

& e

9 B e stable

Karsten Heeger, LBNL

CENPA - May 18, 2004



Backgrounds vs Depth (Chooz-like Site)

Bachkground
+++ . —_ bkgd overburden
e energy (]
_ S noom
0 | S o
_ L + +‘+‘ ¢ Reactor ON n 100/0 300 mwe
200. = + ++ © Reactor OFF ? 0. 06 o% 400 mwe
-]
150 |- O
| + =
100 ++ % o, o4
_ + o
ol 4 + as)
. 'ﬁi < ﬁ¢¢ﬁo++§$$$+w{} 0.02
o"'z'"'i"'é"'é"M'e\}o
Depth

400 200 &00 70a 200 200 1000
Overburden (mwe)
Both neutron and isotope backgrounds scale as

Bkgd= A<E, >" ®,  k~0.73-0.74

Use Chooz background measurement with reactors off as normalization
A =9.5% at 1.05 km, 5.7 GW (th)

Karsten Heeger, LBNL CENPA - May 18, 2004




How well will we be able to determine the backgrounds?

Events

Chooz

+
e energy

1

| ﬂ
Tt ++
150_— _+_
+
R

%
0 &X Mﬁ«%}jﬁﬁﬁm

L1 TR R TR I TR T
0 2 4 ] 8 10
MeV

Ref: hep-ph/030107

300 |-

® Reactor ON
0 Reactor OFF

Will we be able to measure
background contributions?

Backgrounds in near and far
detector will be different.

400

Mumber of events | MeV
ot L
=] =

2

Energy specirum of backgrounds and signal

Total BG (3.6%)

Spallation neutrons (2%)

Future Re:

— ——— e —

"\r-f,ll L F ) I&J
- el 3 - A0 1 ) ALY
i E e ETICS EO:. % +0.4 .--:_}

p——— —— -

1 2 3 4 5 & 7 8 9

10

ractor Exp.

E,, [MeV]
Ref: hep-ph/0403068

Background type Spectral shape BG/Reactor events  ogg
Backgrounds with known shape
Spallation nentrons Flat 0.4% 50%
Accidentals Low energies 0.2% 50%
Cosmogenic °Li [F-spectrum (end point 13.6 MeV) 0.2% 50%
Cosmogenic *He (3-spectrum (end point 10.6 MeV) 0.2% 50%
Bin-to-bin correlated BG total: 1.0%
Bin-to-bin uncorrelated background

Flat 0.5% 50%

Unknown source

Karsten Heeger, LBNL

Build experiment as deep as possible
CENPA - May 18, 2Zuu~+




Backgrounds in Different Reactor 0,, Experiments

Signal/background ratio and background estimation

Flat Mountain
GE'
Ve T v
M i N
\ " o\ (@)
v | . M = 230 mwe 1100 mwe
M . mwe
g
fat. mountain, | mountain,
450 mwe 230 mwe 1100 mwe
muon flux (m—2%s—1) 0.194 1.63 0.024
neutron rate (ton—! day—1!) | 161 824 30.0
SHe+"Li (ton—! day—1) 0.076 =+ 0.026 | 0.4 + 0.4 | 0.014 4+ 0.002

Karsten Heeger, LBNL CENPA - May 18, 2004



Detector and Shielding Concept

CALIBRATION SGURCE PORT—

CALIBRATION DRIVE PGRT

INNER WESSEL SUPFORT
LCAD CELL ACCESS

DETECTOR (MOBILE}—ﬂ\\\\\\\

UPFER MUGN DETECTOR—————— ]

MUGN DETECTOH——mHHHEm

STEEL SUFPORT ——— |
STRUCTURE

FASSIVE SHIELDING
(LOW ACTIVITY SAND_“\“\"‘\-

OR CONCRETE)

WALKWAY—_|:

Active muon tracker

+ passive shielding

+ inner liquid scintillator detector

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

\\\\\\\\\

Karsten Heeger, LBNL

CENPA - May 18, 2004



Detector and Shielding Concept

3-layer muon
tracker and active
veto

passive shielding




Neutron Production in Rock

1000’ a T T T T T T 17T I 1 | R A 1‘1‘!"?'“[' T T T T I T 1:
s Thermal neutrons :
o ”‘H\< from cosmic rays :
. e =
= 100 F % Neutrons from muon caplure 3
- - \\\ / : |
{IJ
> i
=2 Fast neutrons !
- from cosmic rays Neutrons from nalural radioactivity
& L9 - G ALY in average non-granitic rock 5
T - iy >
— - P ]
LN} o bl | 5 =
Z “‘m‘,\\
o, v Neutrons from fast
A ° muon interactions G
i |
:D“I [ |. ! L | i el e [N ] | | i i i |
1 10 100 1000
Depth (mw.e.)
A. da Silva

PhD thesis, UCB 1996

Karsten Heeger, LBNL

CENPA - May 18, 2004



World of Proposed Reactor Neutrino Experiments

Krasnoyasrk Russia -

?rdrdwooduﬁiiy + KashtwaZakl Japan

B “Qaya Biay,,Chma

’..a e

.. "' Angra, Brazil




Reactor 0,, Experiment at Krasnoyarsk

Krasnoyarsk reactor underground site: 600 mwe Unique Feature
- underground reactor
_ Detector 1 Detector 2 02000 - existing infrastructure
O :
Reactor tors -
h . at Reac @
easure v "
ot 1ae8 i | ——>  Detector locations
Fi 115 m 1000 m  getermined by infrastructure
Target: 46 t 46 t
Rate: ~1.5x106 ev/lyear ~20000 ev/year

S:B >>1

Ref: Marteyamov et al, hep-ex/0211070

Karsten Heeger, LBNL CENP/



Double-Chooz

SIN°(283) imit

10 tons detectors
8.4 GW,, reactor power

Far detector

far site: 300 mwe
near site: 50 mwe

0.05 |
0.045
0.04 A——t
\ sin?(26|,;) <|0.03|at 90% GL
0.035 \\
003 —— B hep-ex/040503
o - R"‘*--...___q______‘ B, - CHOOZ Double-CHOOZ
' R R i —  Reactor cross section 19 % —
""" e, Number of protons 0.8 % 0.2 %
W s 3 1 s s 7 s Detector efficiency 1.5 % 0.5 %
Exposure time in years Reactor power 0.7 % o
Energy per fission 0.6 % —

Karsten Heeger, LBNL CENPA - May 18,



US Effort

l) Mountainous sites with horizontal access tunnel

detector room

detector room

- flexibility to adjust baseline
- access to large overburden

Il) Flat sites with vertical shaft access

VE
] | %
A<
= -
v, l

VE'

w|@ @

- placement and location flexibility
- good shielding per unit depth

Karsten Heeger, LBNL CENPA - May 18, 2004

Diablo Canyon, CA




Precision Measurement of 0,, with Reactor Neutrinos

Deep Horizontal-Access Experiment
to reach sin?20,, < 0.01

Sin?26,,

0.018

0.017
0.016
0.015
0.014
0.013
0.012
0.011

0.01

AN

™

I I|III|III|III|III|II_._I,._|..-|""II|III|I

250 S00 750 10

oD 1250
days

* good overburden
* scalable fiducial volume (> 50 t)
* optimized baseline

Overburden:

Possible Sites:

Near 200-300 mwe
Far >1100 mwe

Diablo Canyon, CA
Daya Bay, China



Tunnel with Multiple Detector Rooms
and Movable Detectors

Adjustable Baseline
- to maximize oscillation sensitivity
- to demonstrate oscillation effect




Tunnel with Multiple Detector Rooms
and Movable Detectors

Movable Detectors
- allow relative efficiency calibration
- allow background calibration in same
environment (overburden)

- simplify logistics (construction off-site)



Detector Room Concept

Detector Containment
Volume Access Door Detector Room Alr

(through muon chamber Supply Ducting
and shielding)

Containment
Volume Exhaust Electronics Secondary Clc
(ias Monitoring (water/oil-{
Removable Shielding ctainle
for Installation Access
Karsten Heeger, LBNL CENPA - May 18, zuu4




Events

Statistics and Systematics

10

10

10

10

10°

\ Detector Event Rate/Year - - 1tyr ———
o o
E \ ~250’000 - ggge{;gen Eg?E;n}
1. 2 Gocmgen  (sa7m)
A el e (g
:\\\ ~1 O’OOO e KamLAND (180 km)
§ ‘\ . Future 2-Detector Experiment
i “ = Diablo Canyon, 1-2.5 km
E o S g Best Limit to Date
] B - e 0 . S (A P..(CHOOZ limit)
1 Ot < 0.5% for L = 300t=yr _
- —— 2 NP W . - PSRN
500 1000 D|St1asr?ge (m)2000 2500 3000 2 POSitron Energy (MeV) 8 10
Effect Error Estimate | Method
reactor flux uncertainty | < 0.2% relative measurement at different distances
detection efficiency < 0.8% calibration of relative det. efficiency
target volume < 0.3% no fiduecial volume cut in Gd scintillator,
flow and weight measurement of target
backgrounds < 1.0% sufficient overburden, active and passive shielding
Total Systematics ~1%




Classes of Reactor 0., Experiments & Sensitivity

Far detector at L=1.05 km Far detector at L=1.7 km

1071 - - : : 107" g
s o N
e =
= =
] ®
£ = R medium
= =
= -2 =
21 =P
o= = ::.'

10! 10° 10° 104 10! 10° 10° 10*
Luminosity [t-GW-yr| Luminosity [t-GW-yr|
- existing underground facility - deep, good overburden

- optimized baseline and detector size

Karsten Heeger, LBNL CENPA - May 18, 2004



Fraction of &

Reactor & Long Baseline Experiments

Measuring sin?(20,,)

0.9

0.8

i

0.6

0.6

oLd

0.3

a2

a1

3 o Sensitivity to sin?(26,3)

_ I|' Chooz

3 90% CL sin2(26. ;) < 0.14
3 Minos

- 3-0 sensitivity sin?(20,5) = 0.07

0,; Reactor Exp sin2(26,,) <0.01-0.02

i

=
Reacton]'TExp

)

: 90% CL
S0 NuMI Off-Axis
- 30w 1% 3-0 sens. sin2(26,,) < 0.007

at Am_ 2=25x 103 eV?

10
' reactor 90% CL= 0.01 and §(sin?(26,5)) = 0.006

Ref: NuMI Off-Axis Collaboration, Progress Report 12/2003

Karsten Heeger, LBNL CENPA - May 18, 2004



Reactor & Long Baseline Experiments

Determining Mass Hierarchy

sin?(20,5) vs P(v,) for P(v,)=0.02

—_
> 0.1
>
S v, —> Vv, appearance
o~ bog
i
7p]
n.048 :
]
0.07 e
oos -
T 5
D.u.; i ﬂF.‘_ - -l._l
il . .I..l'
0.0 |_ .-'; 0 = n
5=/
- O &=n
o I
iR " 5= 32
[ TR I . P i i
s 1] 001 f.a2 0.03 .04 0.0:5
Pz}

Ref: NuMI Off-Axis Collaboration, Progress Report 12/2003

P(v, — v,) depends on

Sin2(20,5)
sign of Am,;2

Ocp

Accelerator experiments measure
v, appearance: P(v, — v,)

Karsten Heeger, LBNL

CENPA - May 18, 2004



Combined Analysis (Accelerator + Reactor)

Projected Future Measurements (~2014)

T e e ]
Reactor —>» G .;gl!mal
| o H“H"lllu--l_ ]
| ....|||II||||” Ocp
3 ! | ‘ inverted
> 050 | it
5 )
2 NOvVA
S (5 yrv)
L ggs (U .
.000 | | ]
.00 D .10 15 "0
STHZEGB

Ref: McKeown

Karsten Heeger, LBNL CENPA - May 18, 2004



Combined Analysis (Accelerator + Reactor)

12K Lo only) 90% CL
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Combined Analysis (Accelerator + Reactor)

dcp=0 excluded region

300 - ‘

&y 200 N'D".I"[J |::|'.-"+I!-":|

N - (+ Reactor)

.

100 —
5 o 10"
i3
S 21.9'1.3
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solid line = with reactor

mass hierarchy resolution

100

N
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Ref: Shaevitz

Karsten Heeger, LBNL

CENPA - May 18, 2004



Motivation for Reaching sinZ26,, < 0.01

Measurement of Fundamental Parameter

- 0,5 is one of the twenty six parameters of the standard model, the best model
of electroweak interactions for energies below 100 GeV, worthy of high
precision measurement independently of other considerations.

Input to Future Neutrino Program

- Reactor measurement of sin?20,, sets the scale for pursuing mass hierarchy
and CP violation. If too small (sin?20,, < 0.01), they will be out of reach for off-

axis experiments.

Complementarity with Accelerator Experiments

- Ambiguities in off-axis experiments (sin20,,; sin®26,, mass hierarchy, o).
Reactor measurements help extract physics parameters.

Theory and Model Building

* Reactor experiments can reach precision that probe quantum correction to
neutrino mass and mixings. Limits on model parameters can be obtained if
sin?20,, < 0.01.

Karsten Heeger, LBNL CENPA - May 18, 2004



Possible Future of Neutrino Oscillation Physics
The Next 10 Years

Accelerator neutrino
studies of v, = v,

Measurement of 0,5 with
reactor neutrinos
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) | parameters in combined analysis

0.4 0.2 0 0.2 0.4
abesty






